The Chernobyl nuclear disaster has caused a remarkable increase in radiation-induced papillary thyroid carcinoma in children and young adults. In this issue of the JCI, Ricarte-Filho and colleagues demonstrate that chromosomal rearrangements are the oncogenic "drivers" in most postChernobyl carcinomas and that they often lead to unscheduled activation of the MAPK signaling pathway. These findings represent a major step forward in our understanding of radiation-induced carcinogenesis and suggest various hypotheses about the mechanisms underlying the formation and selection of gene rearrangements during cancer cell evolution.
Oncogenic drivers of PTC
In approximately 70% of "sporadic" (e.g., without a reported association with radiation exposure) PTC cases, cancer-driving genetic lesions have been identified (Figure 1 ). PTC development frequently (~50% of cases) involves point mutations in the BRAF serine/threonine kinase; however, sometimes gene rearrangements of the receptor tyrosine kinase RET (with rearrangements referred to herein as RET/ PTC) and the neurotrophic tyrosine kinase receptor type 1 (NTRK1) are identified. These rearrangements result in the inframe fusion of the RET or NTRK1 kinase domain to the N terminus of heterologous proteins, a process that leads to unscheduled activation of the enzyme (1, 3) . Similar to follicular thyroid carcinoma, the follicular variant of PTC displays activating mutations of small GTPase RAS genes or, occasionally, gene rearrangements that target PPARG, a member of the nuclear hormone receptor family (1) .
Unlike sporadic cases, post-Chernobyl carcinomas display a high prevalence of gene rearrangements, mainly nuclear receptor coactivator 4-RET (NCOA4-RET) (RET/PTC3) fusion, and a low prevalence of BRAF point mutations (4) (5) (6) . Together with experimental data showing that exposure to X-rays induces RET/PTC fusions in thyroid cells (7) , these findings suggest the existence of a mechanistic link between ionizing radiation exposure and PTC. Namely, radioiodine exposure promotes oncogeneactivating gene rearrangement, which results in PTC formation. Conflicting with this view of radiation-induced PTC, previous studies have demonstrated that childhood PTCs without a reported history of radiation exposure also feature a high prevalence of RET rearrangements and a low prevalence of BRAF point mutations (8) (9) (10) (11) . These findings challenge the notion that radiation exposure increases the frequency of oncogenic rearrangements and suggest instead that it is patient age that promotes the high frequency of rearrangements.
Radiation exposure and PTCassociated fusion oncogenes
In this issue of the JCI, using RT-PCR, mass spectrometry, and next-generation RNA-sequencing, Ricarte-Filho and colleagues demonstrate that the majority of PTCs (22 out of 26 tumors, 84%) that occurred in patients who were less than 10 years old at the time of the Chernobyl accident and lived in contaminated areas harbored fusion oncogenes. They found fifteen cases with RET/PTC, 1 case with translocated protein region-NTRK1 (TPR-NTRK1), two cases with ets variant 6-NTRK3 (ETV6-NTRK3), one case with A kinase anchor protein 9-BRAF (AKAP9-BRAF), one case with acylglycerol kinase-BRAF (AGK-BRAF), one case with cAMP-responsive element binding protein 3-like 2-PPARG (CREB3L2-PPARG), and one case with paired box 8-PPARG (PAX8-PPARG) (Figure 1 and ref. 12) . Interestingly, these fusions often resulted from intrachromosomal rearrangements targeting chromosome 10 (RET/PTC1, RET/PTC3, RET/PTCΔ-3), chromosome 1 (TPR-NTRK1), or chromosome 7 (AKAP9-BRAF, AGK-BRAF). Only a minority of post-Chernobyl PTCs featured point mutations or indels in BRAF or thyroidstimulating hormone receptor (TSHR) (12) . Conversely, thyroid cancers from patients of the same age without a history of radiation exposure displayed a lower prevalence of fusion oncogenes and a higher prevalence of point mutations compared with radiation-associated carcinomas (12) . It should be noted that the collection of oncogenic lesions in sporadic childhood thyroid cancers was not complete, since the oncogenic driver lesions were identified in only 18 out of 27 of the cases in this study (12) .
Overall, the study by Ricarte-Filho and colleagues demonstrates that radiation exposure caused a selective increase of oncogenic driver events generated by gene rearrangements compared with point mutations (12) . This work has led to the discovery of two previously undescribed oncogenic fusion events that are involved in thyroid cancer formation, namely, ETV6-NTRK3 and AGK-BRAF fusion events. ETV6-NTRK3 fusion events were previously identified, albeit with different breakpoints, in various nonthyroid tumors (13) , further confirming the oncogenic potential of constitutive NTRK3 activation. The AGK-BRAF fusion event identified in this study appears to be a unique recombination, although BRAF rearrangement with partners other than AGK is an established mechanism of BRAF oncogenic conversion in other human cancers (14) .
Radiation promotes proximitydependent oncogenic fusion events
The study by Ricarte-Filho et al. also demonstrated that, although post-Chernobyl PTCs had a compelling prevalence of oncogenic gene fusion events, the total number of gene rearrangements, as detected by low-pass whole-genome sequencing, did not differ between radiation-exposed and sporadic cases (12) . These data suggest an intriguing concept: it is the nature of the rearrangements rather than their overall abundance that differentiates sporadic from radiation-induced thyroid cancers; therefore, only those rearrangements that generate cancer-driving fusion oncoproteins are selectively increased in radiation-exposed patients. The fact that the postradiation neoplastic clones did not display an overall excess of random chromosomal aberrations indicates that only a discrete set of gene rearrangements was induced by radiation in the initiated cells. Radiation can result in double-stranded DNA breaks that when not correctly repaired can give rise to gene fusion events. To generate a gene rearrangement, partner genes must be brought into close spatial proximity; therefore, genes that are on the same chromosome have the highest chance of fusing together. Nikiforov and colleagues provided strong evidence that this mechanism governs RET and BRAF gene rearrangements in thyroid cancer by demonstrating proximity, specifically in thyroid cells, between RET and coiled-coil domain containing 6 (CCDC6) (RET/PTC1) (15), RET and NCOA4 (RET/PTC3) (16) , and AKAP9 and BRAF (17) . Similarly, NTRK1 and TPR loci often overlap in interphase chromatin (18) . It would be interesting to learn whether these features are applicable to the other radiation-associated gene rearrangements identified by Ricarte-Filho and coworkers. Moreover, since post-Chernobyl carcinomas occurred in young patients and in geographic areas with reduced iodine supply (19, 20) , it would also be interesting to determine whether age and iodine concentration influence thyrocyte chromatin organization. In this context, it is plausible that, due to gene proximity, radiation exposure promotes the formation of thyroid cancer-driving gene fusion events. On the other hand, it cannot be excluded that radiations are also able to induce irrelevant ("passenger") or even detrimental gene rearrangements in individual thyrocytes. However, these lesions, being unable to confer any selective advantage, would not be detectable in the tumor bulk.
Radiation-associated oncogenes commonly trigger the MAPK pathway
It is compelling that all but two of the oncogenic rearrangements identified by Ricarte-Filho and colleagues lead to constitutive activation of the MAPK signaling cascade (Figure 1 and ref. 12 ). This lends further support to the notion that this particular pathway plays a major role in thyroid carcinogenesis (1, 3) . An important exception to this paradigm is represented by the two samples that featured PPARG rearrangements (CREB3L2-PPARG, PAX8-PPARG), confirming the previous observations of Leeman-Neill and colleagues (20) . These samples were from follicular rather than classic-variant PTCs, which supports previous studies that correlate PPARG genetic lesions with this particular morphological PTC subtype (1) . Moreover, the follicular-derived PTC samples featured a PPARγ-driven rather than a MAPK-driven transcriptional signature. These findings suggest that PPARG rearrangements, though most commonly identified in cancers unrelated to radiation (1), may also be triggered by exposure to ionizing radiations.
Future implications
In conclusion, the study by Ricarte-Filho et al. enables us to draw the genetic portrait of a human cancer caused by a well-defined etiological factor, thereby paving the way for studies aimed at understanding how ionizing radiation induces chromosomal rearrangements in cancer cells.
